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[57] ABSTRACT 
A cell engineering tool (10) evaluates wireless communica-
tions channels within and around architectural structures, 
such as buildings, in order to determine communications 
transfer characteristics, including the RMS signal power 
level and the complex-valued frequency-domain transfer 
function H(t) of the communications channel. In architec-
ture, the CET (10) comprises a user interface (12) and an 
analysis engine (14) communicating with the user interface 
(12). The analysis engine (14) has a plurality of propagation 
models (16), which may be run concurrently for validation, 
if desired. Using the user interface (12), which is preferably 
a graphics mechanism, the user (18) inputs a floor plan, wall 
material parameters (conductivity, permittivity), and. the 
location of a transmitter (53) and receiver (54) within the 
floor plan. The analysis engine (14) analyzes the input 
parameters and uses one or more of the propagation models 
(16) in order to derive a CET output. The propagation 
models (16) include an analytical model (26), a ray tracing 
model (27), and a statistical model (28). The analytical 
model (26) and the ray tracing model (27) are utilized to 
derive the transfer function H(t) and their respective results 
can be compared with each other for validation. Further, the 
statistical model (28) may be used to generate a rapid 
approximation of the RMS signal power loss or level. 
2 Claims, 11 Drawing Sheets 
26 
/ 
DETERMINE DESCRIPTORS 
w, L, xr. XR. 
Yr. YR. AND FOR 
EACH WALL, DETERMINE 
DESCRIPTORS Er• er 
26c 26b 
USE CLOSED-FORM 
MATHEMATICAL EXPRESSIONS 
TO COMPUTE TRANSFER FUNCTION 
H(f), RMS SIGNAL LEVEL 
END 
26d 
U.S. Patent 
ANALYTICAL 
MODEL 
(FIG.3) 
"' 26 
Feb. 13, 1996 Sheet 1of11 
USER 12 
INTERFACE 
ANALYSIS ENGINE 
RAY TRACING 
MODEL 
\ 
27 
FIG.1 
5,491,644 
10 
~ 
16 
STATISTICAL 
MODEL 
(FIG.8) 
~ 
28 
14 
14 
~ 
I 11 
/ 
ANALYTICAL } u ~ u32 
EMPIRICAL 
MODEL OUTPUT t=_ 
DATABASE OF 
TRANSFER FUNCTION 
MEASUREMENTS 26 ~39 
L ) v 
RAY TRACING 
c I» rrr ~ MODEL OUTPUT 
i f ) 
4 
BEST FIT BEST FIT 
27 
TO GENERATION ~ 
1 ~ EXPERIMENTAL USING STATISTICAL 
DATA RAY TRACING MODEL OUTPUT 
MODEL _ 
~ ! r/ 28 ( ! ' 38~ 
IG.2 ___ t F 
-
36 
37 
--- --
N 
0 
• r..n. 
• 
~ 
= ;-
= 
'"""" 
~ 
?-
"'"" ~~
"'"" \C
\C 
=-. 
00 
=-
m. 
N 
s, 
"'"" 
"'"" 
01 
-.. 
... 
\,C 
~ 
-.. 
~ 
... 
... 
U.S. Patent 
26a 
Feb. 13, 1996 
START 
ANALYTICAL 
MODEL 
FLOOR PLAN, 
PHYSICAL 
PARAMETERS 
OF WALLS, ETC. 
DETERMINE 
REFLECTION 
COEFFICIENT(S) 
OF EACH WALL 
Sheet 3of11 5,491,644 
26 
~ 
DETERMINE DESCRIPTORS 
W, L, XT, XR, 
Yr, YR, AND FOR 
EACH WALL, DETERMINE 
DESCRIPTORS Er, CJ 
26c 26b 
USE CLOSED-FORM 
MATHEMATICAL EXPRESSIONS 
TO COMPUTE TRANSFER FUNCTION 
H(f), RMS SIGNAL LEVEL 
END 
26d 
FIG.3 
U.S. Patent 
-3 -2 
Feb. 13, 1996 
51 
w 
-1 0 
54 R 
,,,,\Q 
I 
4~'1 
- l' 
....... 1 
....,.. I 
' I 
';. 
T"" 
I 
I Ti: 
x=xrJrl ! 
52 
1 
a 
/ 
....... 
/ 
/ 
/ 
....... 
/ 
~ 
x=~ 
Sheet 4of11 
2 
...a 
....... 
/ 
/ 
....... 
/ 
/ 
3 4 
/ 
/ 
/ 
5,491,644 
y=O 
W-xR 
1...-xR .. •,. ....! 
FIG.4 
I I I 
I ! l_l ___ -
-r-- I 
L-yR R: 
- --------d 
\ L-yT 
56 54 L 
53 
1 T Yr 
ylR b------
- -- I - --- -
y=O I I I 1 ... .,1,. W-xr~ 
I xT I I 
I W ..,I I.. I 
1x=O 
FIG.5 
U.S. Patent Feb. 13, 1996 
INE_UT 
FLOOR PLAN, WALL 
TYPES, AND PHYSICAL 
DESCRIPTORS AND 
HIGHEST ORDER TO 
BE CONSIDERED 
CREATE IMAGES UP 
TO HIGHEST ORDER -
SPECIFIED 
27c 
APPLY INTERSECTION 
CRITERIA TO DETERMINE WHICH 
OF POTENTIAL PATHS 
SHALL BECOME ACTUAL PATHS 
27d 
DETERMINE DISTANCE AND 
HENCE DELAY TO IMAGES THAT 
CORRESPOND TO ACTUAL PATHS 
27e 
270 
27b 
Sheet 5of11 5,491,644 
27 
CONVERT WALLS, 
WINDOWS, AND OTHER 
STRUCTUAL ELEMENTS 
TO STRAIGHT LINE 
EQUATIONS 
TRACK WALL INTERSECTIONS AND 
TRANSMISSIONS VIA REFLECTION 
COEFFICIENT CALCULATIONS, 
DETERMINE REFLECTION AND 
TRANSMISSION LOSSES OF WALLS 
CALCULATE 
CHANNEL TRANSFER fct 
H(f) ANO ITS RMS VALUE 
FIG.6 
27f 
279 
U.S. Patent 
R(2,3, 1) 
0 
R(3, 1) 
0 
R(1,3, 1) 
0 
R(3,2, 1) 
0 
Feb. 13, 1996 Sheet 6of11 
R(1,2, 1) 
0 
R(2, 1) 
0 
R(1) 
0 
54 
58 
I 2 I 
I /1 I I 
I I 
11 
R(2) 
0 
I 
I 
I 
I 
I 
I 
0 I 
R(2, 1,2) 
0 
R( 1,2) 
0 
R(2,3) 
R{3) O 
0 
I R(1,3,2~ R(1,3) 
0 :2 0 R{2, 1,3) 
0 
FIG.7 
5,491,644 
R(3, 1,2) 
0 
R(1,2,3) 
0 
R 
R(1,3, 1) 
R(1,2,3) R(1,3,2) R(2, 1,3) R(2,3,2) R(3, 1,3) 
FIG.8 
R(3,2.3) 
d 
• V'J. 
• 
~ 
= 
""""' g 
""""' 
~ 
?-
!--" 
~ 
!--" 
~ 
~ 
=-.. 
'J'J. 
t:r 
m. 
-...J 
s, 
!--" 
!--" 
(11 
~ 
... 
\C 
~ 
~ 
~ 
... 
... 
U.S. Patent Feb. 13, 1996 Sheet 8of11 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
' \ \ 
\ 
___________ ,.___.,. __ --t 
\ 
I 
I 
I 
I 
I 
3d 
0::: 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I o. 
I 
I 
I 
' \ \ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ ........... 
b~ 
0::: 
5,491,644 
en 
• (.!) 
-LL. 
U.S. Patent 
\ 
\ 
\ 
\ 
/ 
/ 
" 
\ 
\ 
\ 
\ 
\ 
\ 
x \ 
0 
ET""" 
x 
/ 
/ 
/ 
/ 
c: 
Er-
x 
x 
0 
ET""" 
>. 
I 
I 
I 
I 
I 
~ 
w 
u 
<( 
()__ 
(/) 
Feb. 13, 1996 Sheet 9of11 5,491,644 
'-----~-----~----,,x 
N 
w 
u 
<( 
()__ 
(f) 
0 
EN 
x 
c: 
'-----4--------------EN 
x 
0 
~ 
• (.!) 
-I\ lJ_ I \ 
I \ 
.f I \ 
E .... I \ 
>. \ 
\ 
\ 
U.S. Patent Feb. 13, 1996 Sheet 10 of 11 
EXAMINE 
FLOOR PLAN, START 
STATISTICAL 
MODEL 
....__...... u, e:, 
-----2ac 
DETERMINE 
PROPAGATION 
y 
ANO T, R, 
LOCATIONS 
LAW, i.e., 28f 
DETERMINE 
SEQUENCE 
OF SPACES 
PASSED 
THROUGH 
A AND n 
-------2Bd 
DETERMINE 
SIGNAL 
POWER LOSS 
L=Ar-n 
DETERMINE 
SIGNAL 
POWER 
LEVEL 
FIG.11 
28e 
DETERMINE 
PROPAGATION 
28g LAW, i.e., A 
AND n FOR 
EACH SPACE 
28h 
COMBINE 
PROPAGATION 
LAWS AND 
DETERMINE 
POWER LOSS 
L=Ar-n 
28a 
28b 
5,491,644 
28 ( 
DETERMINE 
SEQUENCE 
OF WALLS 
PASSED 
THROUGH 
DETERMINE 
LOSS OF 
EACH WALL 
COMBINE 
LOSSES 
DETERMINE 
SIGNAL 
POWER 
LEVEL 
28i 
28k 
281 
U.S. Patent Feb. 13, 1996 Sheet 11 of 11 5,491,644 
SPACE SPACE SPACE 
1 3 4 
Ai n 1 
~' SPACE r-. A3 n3 5 53 
' 
' r 
' 
' SPACE ' 
' 2 
'· As ns 
' 
' ''c:(\--' 54 
SPACE 
6 
FIG.12 
5,491,644 
1 
CELL ENGINEERING TOOL AND METHODS 
FIELD OF THE INVENTION 
5 
The present invention generally relates to the design and 
deployment of wireless communication networks within and 
around architectural structures, for example, buildings and, 
more particularly, to a novel cell engineering tool and 
associated methods for determining wireless communica- 10 
tions transfer characteristics between selectable locations 
within and around architectural structures. 
BACKGROUND OF THE INVENTION 
2 
Currently, there has been a resurgence of interest in ray 
tracing, especially in the art of computer graphics. 
The ray tracing method involves searching for commu-
nications channels between a transmitter location and a 
receiver location. In general, rays are graphically projected 
in all directions from the transmitter location in an artifi-
cially created computer space, tracing each ray as it encoun-
ters walls and other obstacles, while applying the wall 
properties (reflection and transmission coefficients) to the 
transmitted and reflected rays, and finally determining if the 
ray passes close enough to the receiver to be counted as a ray 
that is supported by the communications channel. The 
majority of the rays are usually discarded. 
Wireless communications systems, such as cellular com-
munications systems, are increasingly being designed and 
deployed in and around buildings and other architectural 
structures. Walls and other barriers within these architectural 
structures affect the ability to communicate using electro-
magnetic waves. In other words, electromagnetic waves may 
Although the ray tracing method can be used to accurately 
15 determine wireless communications transfer characteristics, 
this method requires numerous and complex computations, 
which get more pronounced as room geometries get more 
complicated and the number of rooms increases. Further-
more, the requisite numerous computations result in slow 
20 operation and the inability to construct a portable real-time 
tool for determining wireless communications transfer char-
acteristics. Finally, there is no way of checking, or validat-
ing, results which are generated by using the ray tracing 
method. 
be partially or fully reflected or absorbed by a wall which 
may thereby inhibit transfer of information between two 
locations in the structure. Typically, in cellular systems, a 
number of base stations are distributed throughout the 
structure to facilitate wireless communications. The struc- 25 
ture is divided up into regions, called cells, and generally, a 
base station is allocated to each cell. Hence, when a trans-
mitter communicates with a receiver in the structure, both 
the transmitter and receiver communicate directly to the 
nearest base station. 30 
SUMMARY OF THE INVENTION 
An object of the present invention is to overcome the 
deficiencies of the prior art as noted above and as generally 
known in the industry. 
Another object of the present invention is to provide 
systems and methods for accurately and quickly determining 
wireless communications transfer characteristics between 
selectable locations within and around architectural struc-
tures. 
Another object of the present invention is to provide 
systems and methods for minimizing base stations in cellular 
communications systems within and around architectural 
structures without adversely affecting wireless communica-
tions performance. 
In order to determine where base stations should be 
located within the structure, a signal power level meter is 
usually carried throughout the building and actual signal 
power level measurements are taken between specified 35 
locations throughout the structure. Typically, cellular com-
munications systems are over-engineered to include more 
cells and base stations than are necessary so as to ensure 
adequate wireless communications uniformly throughout 
the structure. It is currently estimated that over-engineering 40 
wastes approximately $10,000 to $500,000 per cellular 
installation. Accordingly, it would be extremely desirable to 
determine wireless communications transfer characteristics 
between selectable locations in structures, prior to installa-
tion of cellular communications systems. 
Another object of the present invention is to provide 
systems and methods for optimizing the performance of base 
stations in cellular communications systems within and 
45 around architectural structures. It is generally known in the art that, prior to installation 
Another object of the present invention is to provide 
systems and methods for validating the derivations of wire-
less communications transfer characteristics, including the 
50 transfer function H(f), between selectable locations within 
and around architectural structures. 
of a cellular communications system, a ray tracing method 
may be utilized for determining a transfer function H(f) 
which characterizes the wireless communications channel 
between a transmitter location and a receiver location in a 
structure. The transfer function H(f) is a mathematical 
complex-valued function in the frequency domain, which 
provides the frequency domain characterization of the radio 
propagation channel in much the same manner that a filter is 
characterized by its transfer function. The transfer function 55 
H(f) provides the only complete characterization of the 
communications channel between two points and, as such, is 
of unique value relative to communication performance 
assessment and simulation. 
The ray tracing method is a brute force method of 60 
propagation analysis with a long history. It has been used in 
a variety of forms for the tracing of rays in ionospheric 
propagation, tropospheric propagation, and in the analysis of 
numerous other physical propagation channels. Until the 
advent of powerful computers that characterized the 1990s, 65 
however, the major drawback to ray tracing has always been 
the limitations of computer power and computation time. 
Another object of the present invention is to provide a 
portable cell engineering tool (CET) for computing a signal 
power level and/or loss between selectable locations within 
and around architectural structures. 
Briefly described, the present invention is a cell engineer-
ing tool for evaluating wireless communications channels 
within and around architectural structures, such as buildings, 
in order to determine communications transfer characteris-
tics, including the RMS signal power level and the complex-
valued frequency-domain transfer function H(f) of the com-
munications channel. In architecture, the CET comprises a 
user interface and an analysis engine communicating with 
the user interface. The analysis engine has a plurality of 
propagation models, which may be run concurrently for 
validation, or cross-checking, if desired. Using the user 
interface, which is preferably a graphics mechanism, the 
5,491,644 
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user inputs a floor plan, wall material parameters (conduc-
tivity and permittivity values for each wall), and the location 
of a transmitter and receiver within the floor plan. The 
analysis engine analyzes the input parameters and uses one 
4 
tracing model methodology is performed to determine a 
second transfer function. Then, the first and second transfer 
functions are compared to check the functions for accuracy. 
There has never been a validation procedure such as the 
5 foregoing in the prior art. or more of the propagation models in order to derive a CET 
output. The propagation models comprise a unique overall 
combination of complementary models, including an ana-
lytical model, a ray tracing model, and a statistical model, as 
well as unique methodologies within these models. The 
analytical model and the ray tracing model are utilized to 10 derive the transfer function H(f) and their respective results 
can be compared with each other for validation. Further, the 
statistical model may be used to generate a rapid approxi-
mation of the RMS signal power loss or level. 
The methodology of the analytical model is novel and can 15 
be summerized generally as follows. A floor plan, a trans-
mitter location and a receiver location within the floor plan, 
and respective relative permittivity and conductivity values 
Other objects, features, and advantages of the present 
invention will become apparent to one of skill in the art upon 
examination of the following drawings and detailed descrip-
tion. 
BRIEF DESCRIPTION OF THE DRAWINGS 
The present invention can be better understood with 
reference to the following drawings. The drawings are not 
necessarily to scale, emphasis instead being placed upon 
clearly illustrating principles of the present invention. 
FIG. 1 is a block diagram of the cell engineering tool in 
accordance with the present invention; 
FIG. 2 is a functional block diagram illustrating the 
interaction of various propagation models of FIG. 1 for 
achieving validation and accurate results; 
FIG. 3 is a flow chart illustrating the analytical model of 
FIGS. 1 and 2; 
of walls within the floor plan are all initially specified by the 
user and inputted into the CET. Next, in accordance with the 20 
analytical model, a transfer function is determined for a 
communications channel between the transmitter and 
receiver location by mathematically combining with a math-
ematical formula the transmitter location, the receiver loca-
tion, the relative permittivity values, and the conductivity 
values. The mathematical formula of the analytical model 
permits direct, easy, fast, and accurate calculation of the 
transfer function H(f), unlike any other methodology pro-
posed in the prior art which invariably involve time-con-
suming trial-and-error experimentation and numerical algo-
rithms. 
25 FIG. 4 is a top plan view of a corridor from which a 
transfer function H(f) is derived using the analytical model 
of FIG. 3; 
FIG. 5 is a top plan view of a rectangular room from 
which a transfer function H(f) is derived using the analytical 
30 model of FIG. 3; 
FIG. 6 is a flow chart illustrating the ray tracing model of 
FIGS. 1 and 2; 
FIG. 7 is a top plan view of a triangular room, used as an 
example, from which a transfer function H(f) is derived 
using the ray tracing model of FIGS. 1 and 2; 
FIG. 8 is a schematic diagram showing tree branching of 
third order rays for the ray tracing model of the triangular 
room of FIG. 7; 
FIG. 9 is a top plan view of a room configuration where 
a transmitter and receiver are located in different rooms for 
a discussion relative to the ray tracing model of FIGS. 1 and 
2; 
FIG. 10 is a top plan view of line segments for determin-
ing when a rate path survives the wall intersection criteria 
relative to the ray tracing model of FIGS. 1 and 2; 
FIG. 11 is a flow chart illustrating the statistical model of 
FIGS. 1 and 2; and . 
The methodology of the statistical model is also novel and 
can be summerized generally as follows. A lookup table is 
generated off-line for implementing this methodology. The 
lookup table comprises propagation laws {A, n}, each 35 
having a coefficient A and an exponent n, which are cross-
referenced with descriptors having a respective floor plan, a 
respective transmitter location and a respective receiver 
location within the respective floor plan, and respective 
relative permittivity values and conductivity values of walls 40 
within the respective floor plan. Input parameters are speci-
fied by the user of the CET. The input parameters include an 
input floor plan, an input transmitter location and an input 
receiver location within the input floor plan, and input 
relative permittivity values and input conductivity values of 45 
walls of the input floor plan. A particular propagation law is 
identified in the lookup table by matching the input param-
eters with one of the descriptors, the particular propagation 
law having a particular coefficient A and a particular expo-
nent n. Finally, a signal loss L representative of a wireless 
communications channel between the input transmitter loca-
tion and the input receiver location is determined from the 
combination of the particular coefficient A, the particular 
exponent n, and a distance r between the input transmitter 
location and the input receiver location based upon the 55 
mathematical expression lr=A/r". A signal power level at the 
receiver location can be easily computed by subtracting the 
signal loss L from a signal power level at the transmitter 
location. Hence, the lookput table and mathematical formula 
FIG. 12 is a top plan view of a room configuration 
50 wherein power loss of rooms are combined using the sta-
tistical model of FIG. 11. 
of the statistical model make it possible to generate a rapid 60 
approximation of the signal loss L and the RMS signal 
power level. 
The present invention further provides for a methodology 
for validating the derivations of wireless communications 
transfer characteristics by the analytical model and the ray 65 
tracing model. The analytical model methodology is per-
formed to determine a first transfer function, and the ray 
DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 
1. General Overview 
With reference now to the figures wherein like reference 
numerals designate corresponding parts throughout the sev-
eral views, a cell engineering tool (CET) 10 in accordance 
with the present invention is illustrated in FIG. 1. The CET 
10 is capable of determining wireless communications trans-
fer characteristics between selectable locations within and 
around architectural structures, for example, buildings. The 
CET 10 provides a means of calculating the signal power 
level and the complete complex-valued transfer function 
H(f) of any wireless communication channel. These param-
5,491,644 
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eters are indispensable for the e:ffecti ve and efficient design 
of radio communication systems which must function in and 
around architectural structures. This is especially true as the 
demand for communications capacity and the number of 
users increases. 
The CET 10 is essentially comprised of a user interface 
12, for instance, a graphics mechanism having a display 
screen with associated software, in communication with an 
analysis engine 14, for instance, a software routine run by a 
computer, having a plurality of propagation models 16. The 
propagation models 16 may include one or more, but pref-
erably all, of the following: an analytical model 26, a ray 
tracing model 27, and a statistical model 28. The foregoing 
models 26, 27, 28 can be operated concurrently, if desired, 
for purposes of validation, as will be further described 
hereinafter. The user interface 12 receives inputs from a user 
18, and by using one or more of the propagation models 16, 
the CET 10 produces therefrom an output,. which is indica-
tive of propagation characteristics, for the user 18 via the 
user interface 12. The inputs include, for example, a floor 
plan, a transmitter location within the floor plan, a receiver 
location within the floor plan, a relative permittivity E7 for 
each of the walls in the floor plan, and a conductivity cr for 
each of the walls within the floor plan. A "wall" herein 
means any substantially planar barrier defining a room space 
in whole or in part, which can include the floor(s) and/or 
ceiling(s). Further, the CET output is essentially a commu-
nications transfer characteristic of the communications 
channel between the transmitter location and the receiver 
location and may be, for example, the signal power level or 
loss, or a frequency-domain, complex-valued transfer func-
tion H(f). 
The user interface 12 is preferably AutoCAD, which is a 
trademark of and is commercially available from Autodesk, 
Inc, U.S.A. Customized menus can easily be implemented 
with AutoCAD for allowing the user to input building 
structures, parameters, and other information into the CET 
10. Using the AutoCAD development system (ADS), build-
ing layout and other parameters are sent to the analysis 
engine 14, and all user queries are routed from the analysis 
engine 14 back to the user interface 12 for presentation to the 
user 18. 
The analysis engine 14 controls processing in the CET 10. 
The analysis engine 14 receives input data from the user 
interface 12 and performs initial processing and formatting 
of the input data. The analysis engine 14 then determines an 
appropriate propagation model 16 to use, which may be 
selected by the user 18, and collects data for and invokes the 
selected propagation model 16. Finally, the analysis engine 
14 outputs the results in graphical and/or textual form to the 
user. In the preferred embodiment, the output to the user is 
in the form of a color graphics depiction on AutoCAD and/or 
in the form of an ASCII data file. 
The analytical model 26 uses closed-form mathematical 
expressions for which there is no parallel in the art. A 
"closed-form mathematical expression" in the context of this 
document refers to a mathematical formula for directly 
computing a result without resort to either trial-and-error 
experimentation or numerical algorithms. Said another way, 
these closed-form mathematical expressions allow direct 
mathematical calculation of the transfer function H(f) in a 
limited number of ideal geometries, for example but not 
limited to, a corridor having parallel walls of generally 
unbounded length and a substantially rectangular room. 
The ray tracing model 27 is generally the most powerful 
of the propagation models 16. It can be used to calculate the 
6 
transfer function H(f) of any arbitrary geometry. It makes 
use of the method of images, which makes it compatible 
with the analytical model 26. For those simple geometries in 
which the analytical model 26 can calculate the transfer 
5 function H(f), the ray tracing model 27 can be validated by 
the analytical model 26. In other words, the analytical model 
26 and the ray tracing model 27 can be used together as a 
cross check. Given that there are a number of ways in which 
numerical errors can infiltrate ray tracing models 27, this 
feature is an important capability of the present invention. 
10 Furthermore, it should be noted that because the ray tracing 
model 27 is considerably more algorithmic than the analyti-
cal model 26 (in that the ray paths that contribute to the 
multipath profile must be searched for), the ray tracing 
model 27 runs much more slowly than the analytical model 
15 26 and speed decreases as room geometries become more 
complex. 
The statistical model 28 is a model which provides for 
rapid approximate calculations of signal power level 
between locations. The approximate calculations are still 
20 precise enough to be used in system design and base station 
layout. When using the statistical model 28, the CET 10 does 
not calculate the complete channel transfer function H(f), 
but instead focuses on the root mean squared (RMS) value 
of the power level, which is averaged across the whole 
25 frequency range. The RMS value, which is the primary 
indicator of received signal level, is key to system design 
and for many designers of indoor wireless networks, is the 
only parameter utilized. 
30 In the statistical model 28, analytical expressions are derived which are best fits to either experimental data or data 
derived from the accurate ray tracing model 27. The best fit 
analytical expressions are situated in a look up table and are 
cross referenced with particular sets of floor plans, trans-
35 mitter locations within the floor plans, receiver locations 
within the floor plans, relative permitti vi ties, and conduc-
tivities of the walls in the floor plans. These particular 
parameters are identified by the analysis engine 14 from the 
floor plan and specification of the architectural structure 
40 inputted into the user interface 12 by the user 18. 
FIG. 2 is a high level block diagram illustrating the 
relationship between the propagation models 16 of the 
present invention. In FIG. 2, data flow paths are indicated 
with reference arrows and validation paths are indicated by 
45 adjacent parallel lines. As shown in FIG. 2, an empirical data 
base 32, comprising experimental propagation results, is 
used in connection with the analytical model 26, the ray 
tracing model 27, and the statistical model 28 for the 
purpose of fine tuning the CET 10 and CET output to the 
50 user 18. The empirical data base 32 is used for validating one 
or more of the outputs 36, 37, 38 from the respective models 
26, 27, 28. In addition to the important verification task in 
which the empirical data base 32 can provide to each of the 
models 26, 27, 28, there is a precise agreement that must 
55 exist between the analytical model 26 and the ray tracing 
model 27. Hence, a validation path 39 is indicated therebe-
tween. This feature provides a much needed capability to 
calibrate the generally unverifiable ray tracing model 27. 
As further shown in FIG. 2, information from the empiri-
60 cal data base-.32 is also used to directly feed and construct 
the statistical model 28. For a number of situations, best fit 
expressions are derived and incorporated into the statistical 
model 28. Because of the difficulties and expense in making 
measurements for the empirical data base 32, there is not 
65 enough empirical data to cover the extremely wide variety of 
situations that might be encountered in an arbitrary archi-
tectural structure. For this reason, the ray tracing model 27 
5,491,644 
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is shown in FIG. 2 to feed the statistical model 28 via a best 
fit mechanism 41. The ray tracing model 27 can be run (off 
line) for all imaginable situations. Such a procedure is 
justifiable, of course, only for a validated ray tracing model 
that is known to provide results which can be accepted with 5 
the same degree of confidence as empirical data results. 
8 
\J Ee - sin29i - EcCOS9i (3) 
Pc \J Ee - sin28t + EcCOS9i 
for the "contained in plane of incidence" case. Because the 
(vertically polarized) electric field vector is perpendicular to 
the plane of incidence, the reflection coefficient Pp is used 
herein. This is a consequence of the fact that the propagation 
model described herein by way of example is two-dimen-
2. Material Characterization and Reflection 
Coefficient Calculation 
In all of the propagation models 26, 27, 28, the interac-
tions of the electromagnetic waves with respect to the walls 
of rooms must be included. In the development of the 
propagation models 16, the following assumptions have 
been made in the present invention: (1) the electric vector is 
assumed vertically polarized with respect to the walls, and 
10 sional. It should be emphasized that these two-dimensional 
propagation models can be directly enhanced to three 
dimensions using well known principles in the art. If three 
dimensional propagation models are desired, then two 
reflection coefficients, for instance, pp, Pc• would be utilized 
15 for identifying the reflection properties of each wall, includ-
ing the floor(s) and ceiling(s). 
(2) the analysis is two dimensional in the sense that the 
interactions of the wave with the ceiling and floor is ignored. 20 
The latter case is in accord with the situation which would 
exist if the antenna patterns had a fan shape, effectively 
preventing any strong electric fields from impinging on the 
floors or ceilings. 
The usual way to characterize the interactions of electro- 25 
magnetic waves with walls is through the use of a reflection 
coefficient(s), which in tum requires a physical character-
ization of the materials of which the walls are constituted. A 
physical material is characterized by its relative permittivity 
e, (farads-meter) and its conductivity a (MHOS-meter/ 30 
meter). These two quantities are combined to form a com-
plex permittivity factor: 
. 18cr 
Ec=Er-Jfa 
(1) 
35 
where fa is the frequency in GHz. Because the variation 
(measured in GHz) over the frequency bands of interest is 
such a small fraction of the center frequency, the frequency 
dependence is not considered in this report and fa in (1) is 
replaced with the center frequency of the band of interest. 40 
In analyses of reflection from a surface, extensive use is 
made of two quantities of primary importance. These are: (1) 
the angle of incidence, which is the angle between the ray 
arriving at the reflective.surface and the unit normal to that 
surface, and (2) the plane of incidence, which is the plane 45 
containing both the incident and reflected ray. 
3. Analytical Model 
The analytical model 26 uses closed-for-mathematical 
expressions for allowing direct calculation of the channel 
transfer function directly in a: limited number of ideal floor 
plan geometries. Examples are described hereafter, but it 
should be noted that these examples are not exhaustive. The 
examples include a corridor of unbounded length with 
parallel walls and a rectangular room. 
A high level flow chart of the analytical model 26 is 
shown in FIG. 3. Each of the flow chart blocks represents a 
software module and/or subroutine in the preferred embodi-
ment. As indicated at a flow chart block 26a, the analytical 
model 26 first requires input of the following: a floor plan, 
a transmitter location within the floor plan, a receiver 
location within the floor plan, a relative permittivity e, of the 
walls in the floor plan, and a conductivity a of the walls 
within the floor plan. Preferably, these inputs are visually 
generated on screen by the user 18. From the foregoing 
inputs, the parameters indicated below in Table A and as 
indicated in flow chart block 26b are determined: 
Input 
w 
L 
TABLE A 
INPUT PARAMETERS 
Definition 
Width 
Length (for rectangular room) 
Distance of transtnitter from 
left wall 
Distance of receiver from left 
wall 
y coordinate of transtnitter 
y coordinate of receiver 
Relative pertnittivity 
(farads/meter) 
Conductivity mhos-meter/meter) 
The reflection coefficient is designated pc for an electric 
field vector contained in the plane of incidence and is 
denoted pp for an electric field vector perpendicular to the 
plane of incidence. It is important to remember that any 50 
arbitrary electric field vector can be decomposed into these 
two electric field vectors. This implies, in tum, because the 
boundary conditions for the two vector field components can 
*The y coordinate of any element is just the perpendicular distance to a 
straight line drawn through the transtnitter and all its images. This line, of 
55 course, is perpendicular to the wall at y = 0. 
be applied directly, that the electric field reflected from the 
surface can be determined for any electric field of arbitrary 
linear polarization. The means by which the reflection 
coefficient(s) for the individual vector components can be 
determined is well known and is described in most compre-
hensive textbooks on electromagnetic theory. The results are 
60 presented below. 
Next, the reflection coefficient(s) pp is determined for 
each of the walls in the floor plan, as indicated in a flow chart 
block 26c. In the case of a two dimensional propagation 
model, only a single reflection coefficient need be computed, 
whereas in the case of a three dimensional propagation 
model, two reflection coefficients pp, Pc are calculated for For an angle of incidence 9; and a complex permittivity ec, the reflection coefficients are given respectively by 
each of the walls. Finally, as shown in flow chart block 26d, 
COS0i - \J Ee - sin28i 
Pp= 
(2) closed-form mathematical expressions are used to compute 
cos9i + \J Ee - sin29i 
for the "perpendicular to plane of incidence" case and 
65 the transfer function H(f) and, if desired, the RMS signal 
power level. 
A. Corridor Model 
5,491,644 
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The geometry for analysis of a corridor 49 is shown in 
FIG. 4. The corridor 49 comprises parallel side walls 51, 52 
5 
of generally unbounded length. Within the corridor 49, a 
transmitter location 53 is designated with a small bold 
triangle and a receiver location 54 is designated with a small 
bold rectangle. All of the other non-bold rectangles and 
triangles appearing in FIG. 4 along with accompanying 
negative or positive integers are images which are used in 
the analytical development of the ray paths and reflection 10 
coefficient(s) Pp· The foregoing notation is used throughout 
this document as well as in other figures. 
Since the analysis is done in two dimensions based upon 
the assumptions described previously, a rectangular coordi-
15 
nate system is sufficient and preferred. Thus, each element 
location in the analysis is specified by values of coordinates 
x and y, which are specified with respect to the origin of the 
coordinate system, directly to the left of the transmitter 
location 53 on the left hand wall of the corridor. This is the 20 
x,y=O,O point. This point can be determined precisely by 
projecting a line perpendicular to the wall and noting the 
intersection point. The right hand wall of the corridor 
corresponds to x=W. 
25 
The transfer function H(f) for the propagation channel 
between the transmitter location 53 and the receiver location 
54, is given by 
n=+oo 
H(j) = L A(n)e-J2n(f+Jo)'t(n) 
n=-oo 
where f0 is the carrier frequency, n is the order of the 
reflection, 't(n) is the corresponding delay, and A(n) is the 
corresponding complex amplitude. The delay is given by 
-r(n)=~ 
c 
35 
(5) 
where c is the speed of light, and R(n) is the total length of 
the ray path inside the corridor. This later quantity corre-
sponds to the length of the virtual path from the transmitter 40 
location 53 to the nth order image. The propagation distance 
10 
lnl lnl 
pr- (n)pr-- (n) 
(9) 
+ 
A(n) R(n) 
For lnl odd and n>O 
lnl+l lnl-1 
p-2-(n) p-2-(n) 
(10) 
A(n) R(n) 
If, on the other hand, we have lnl odd and n<O 
lnl-1 ln!+l 
p-2-(n) p-2-(n) 
(11) 
+ 
A(n) R(n) 
The reflection coefficient depends on n because the angle 
of incidence at the wall depends on n. In order to calculate 
the reflection coefficient, the angle of incidence is required. 
This is given by 
] (12) 0i(n) = 1an-1 [ YR IX(n)-xil 
where X(n) is given by (7) and (8). 
If the corridor walls consist of the same material, the 
mean-squared signal level (averaged over a specified band-
width W of interest) can be computed using the closed-form 
expression 
21nl 
n+f lp(n)I 
n=-N R2(n) 
(13) 
lnl lml 
+ 2 n=Ni:"l m=.[ _lp_(n_)l~lp~(m~)~I __ _ 
n=-N m=n+l R(n)R(m) 
cos[2itf0 -r(n,m) + lnl<l>(n) - lml<l>(m)]sinc[W't(n,m)] 
where <I>(n) is the phase of the complex reflection coefficient 
p(n) and the sine function is defined as 
. simu 
smcx=--
irx 
(14) 
Note, also, that we have imposed a finite limit on the order 
of terms to be included in the summation. is given by 
(6) 
where X(n) is the x coordinate of the nth order image and is 
given by 
Closed-form expressions, like that provided above in 
equation (13) for the RMS value, have not been derived for 
45 the case wherein the walls differ, and would be unduly 
complicated. The mean squared value can still be computed 
using a straightforward arithmetic average 
for n ~ 1 X(O)=XR (7) 
X(n) = (n + l)W-XR n odd 50 
X(n)=nW+xR neven 
and 
forn ;§-1 X(n) = -X(-n - 1) (S) 55 
where the right hand side of this expression is evaluated 
according to equation (7). 
The coefficient A(n), by virtue of the fact that it is affected 
by the materials of the walls, takes the interactions with the 60 
corridor walls into account in a more complex way than the 
delay. 
Two reflection coefficients are defined for the walls, 
specifically, P+(n) for the right wall of the corridor 49 and 
p_(n) for the left wall of the corridor 49. In terms of these 65 
cases, we have different cases, lnl even and lnl odd. For the 
case where lnl is even, 
---4 1 i=N1 2 
IH(j)I = NJ ;;f IH(f;)I 
(15) 
where the N1 sequential, equally spaced frequency samples 
f; span the bandwidth of interest. This approach, although 
less elegant and not as fast as the closed-form approach, is 
general. The interval .M between samples will be commen-
surate with that used in the experiments. Initially, we choose 
the value M=8.5 kHz. 
The mean path delay 't and multipath spread ar are 
calculated by using the complex gains of each reflective path 
to form a weighting factor 
2 
IA(n)I 
p(n) n=+oo 2 
L IA(n)I 
n=-oo 
(16) 
This expression can be used in the manner of a probability 
density function to form the averages 
5,491,644 
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- n=+oo 
t = L p(n)t(n) 
n=-oo 
(17) 
12 
vertical walls (those bounding the left and right sides of the 
room and lml horizontal walls (those bounding the top and 
bottom of the room). The angle that the ray makes with each 
and 
5 vertical wall is given by 
n=+oo -
cr,2 = L [t(n)-t]2p(n) 
n=-oo 
(18) 
I 
IY(m)-y:n 
8,(n, m) = 1an-1 IX(n)- x1J 
(26) 
and the angle that the ray makes with each horizontal wall 
Hence, the transfer function H(f) for a corridor wall 
configuration and the corresponding RMS signal level can 
be calculated with a closed-form mathematical expression 
without the need to actually experiment on site with a signal 
power level meter. 
lO is just the complement of this angle, i.e. is given by 
B. Rectangular Room Model 
1t 8h(n, m) = 2 -8,(n, m) (27) 
This section provides the equations and inputs that must 
be analyzed by the analytical model 33 for the rectangular 
room model. The geometry for the rectangular room is 
shown in FIG. 5. The origin for the rectangular coordinate 
system used to specify the locations of points in the room 56 
In modeling interactions with the room walls, where each 
15 
wall may be composed of a different material than the 
others, it is necessary to define four reflection coefficients, 
one for each wall of the room. These reflection coefficients 
are defined below in Table B. The number of times the ray is preferably at the lower left hand comer of the room 56, as 
shown in FIG. 5. As in the corridor model, the transmitter 
location 53 in the room 56 is identified with a triangle and 
the receiver location 54 is identified with a rectangle. 
20 interacts with any particular wall, of course, depends on the 
The parameters which are passed to the subroutine for this 
model include those parameters listed in Table A. The origin 
of the rectangular coordinate system coincides with the 25 
lower left hand comer of the rectangular room 56. All 
internal points are measured with respect to this location. 
The transfer function H(f) for the propagation channel 
between the transmitter location 53 and receiver location 54 
in the rectangular room 56 is given by 
n=+Nm=+N 
H(f) = L L A(n, m)ei2n(J+fol'tCn.m) 
n=-Nm=-N 
(19) 
30 
where f 0 is the carrier frequency, A(n,m) is the complex 
amplitude of each ray path, and 't(n,m) is the group delay of 35 
a signal propagating on that channel. In this expression, 
equations must be provided for calculation of A(n,m) and 
't(n,m). This is done below. 
The delay is given by 
t(n m) = R(n, m) 
' c 
40 
(20) 
where c is the speed of light and R(n,m) is the path length 
corresponding to the delay. This latter quantity is given by 
R(n, m)= ~ [X(n)-xrF+ [Y(m)-yrF 
45 (21) 
where X(n) and Y(m) are the coordinates of the image point. 
The x coordinate is given by · 
X(O)=XR 
for n;::; 1 X(n) = (n+ l)W-xR 
X(n)=nW+xR 
and 
for n ~ -1 X(n) = -X(-n - 1) 
nodd 
neven 
(22) 50 
(23) 55 
They coordinate Y(m), because of the symmetry of the 
problem, is given by an analogous expression 
Y(O)=yR 
form;::; 1 Y(m)= (m + l)L-yR 
Y(m)=mL+yR 
and 
modd 
meven 
(24) 60 
form ~ -1 Y(m) = -Y(-m - 1) (25) 
65 
The true propagating ray, like the virtual ray that propa-
gates to the receiver image of order (n,m), encounters lnl 
location of the receiver image. Hence, this quantity, as well 
as each of the reflection coefficients, depends on n and m. 
TABLEB 
REFLECTION COEFFICIENTS FOR WALLS 
OF RECTANGULAR ROOM 
Variable 
£v+ (n, m) 
£v-Cn, m) 
£h+ (n, m) 
gh_ (n, m) 
Definition 
Reflection coefficient of wall 
to right 
Reflection coefficient of wall 
to left 
Reflection coefficient of far 
(top) wall 
Reflection coefficient of near 
(bottom) wall 
In terms of these quantities we have 
B,(n, m) Bh(n, m) 
A(n, m) = R(n, m) 
(28) 
where the values of the quantities in the numerator are given 
below 
In! lnl 
B,(n, m) = P2"cn, m) P1"cn, m) lnl even 
v+ 
ln!+l lnl-1 
B,(n, m) = p-2-(n, m) p-2-(n, m) lnl odd, n > 0 
v+ v-
lnl-1 lnl+l 
B,(n, m) = p-2-(n, m) p-2-(n, m) lnl odd, n < 0 
v+ v-
lml Im! 
Bh(n, m)=P1°(n, m) P2"cn, m) lml even 
h+ h-
lml+l lml-1 
Bh(n, m) = p-2-(n, m) p-2-(n, m) lml odd, m > 0 
h+ h-
lml-1 lml+l 
Bh(n, m) = p-2-(n, m) p-2-(n, m) lml odd, m < 0 
h+ h-
(29) 
(30) 
(31) 
(32) 
(33) 
(34) 
This completes the specification of all the quantities 
needed to calculate the complex coefficients in (28). 
The mean delay and multipath spread are both determined 
from the weighting coefficient 
p(n,m) 
13 
2 
IA(n, m)I 
n=+Nm=+N 2 
L L IA(n, m)I 
n=-Nm=-N 
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actual ray path-This is the path that the ray actually takes 
in traversing from transmitter to receiver. 
These definitions are provided to allow for precise dis-
cussion and description of the ray tracing problems. 
5 
From this expression the mean delay 't and multipath spread 
Although it is easier to discuss images in terms of receiver 
images, in this document, images are formed of the trans-
mitter rather than the receiver since most of the situations to 
be evaluated involve a single transmitter and many receiver 
evaluation points. Conceptually, the two approaches are 
cr, follow immediately. 
- n=+Nm=+N 
1 = L L p(n, m)~(n, m) 
n=-NM=-N 
(36) 
n=+Nm=+N _ 
cr.2 = L L [1(n, m)-1]2p(n, m) 
n=-NM=-N 
(37) 
Hence, the transfer function H(f) and the corresponding 
RMS signal level can be determined for any rectangular 
room 56 by using a closed-form mathematical expression 
without the need to experimentally determine or algorith-
mically determine the transfer function. 
4. Ray Tracing Model 
This section describes the specifications of the ray tracing 
model 27. The required inputs and parameters needed to do 
the ray tracing model 27 are also presented in this section, 
and a general flow chart of the ray tracing model 27 utilized 
herein is set forth in FIG. 6. 
The ray tracing model 27 is a bruce force method of 
taking account of all possible ray paths between the trans-
mitter location 53 and receiver location 54. The use of 
images greatly reduces the computational b11rden of the ray 
tracing approach. 
The following is a list of definitions for terms used in this 
discussion. 
10 identical. Images are obtained by determining successive symmetri-
cal reflections of the receiver location 54 or transmitter 
location 53 about extended walls. To simplify notation and 
discussion it is helpful to number the walls sequentially. 
Then, for example, the first order image of the receiver 
l5 location 54 about the wall 3 is just the mirror image of the 
receiver about that wall and is denoted R(3). The second 
order reflections R(3,4) and R(3,8) are the mirror images of 
R(3) about wall 4 and wall 8 respectively. FIG. 7 illustrates 
all the reflections up to third order in a triangular configu-
20 ration 58 of three walls. 
Generally, the number of images of order n is given by 
N(n,w)=w(w-1r-1 (38) 
25 where w is the number of walls. It can be argued very simply 
(and will become clear later) that the number of potential 
multipath rays (exclusive of the direct path) is equivalent to 
the number of images created iri any image generation 
process. Thus, if all images up to order n are generated, the 
30 number of corresponding potential ray paths is just 
k=n 
N(n,w) = L w (w- 11-1 
k=l 
(39) 
wall-A straight line segment corresponding to an actual 
wall of a room. It extends between the two points 
representing the ends of the wall. 35 
Up to order n, the total number of potential paths, including 
the direct path, is just this number plus one. 
The image generating process described above leads 
naturally to a tree structure. An illustration is provided in 
FIG. 8 for the three-walled room 58 and all images up to 
third order. The actual receiver location 54 appears at the top 
of the diagram with higher orders of images appearing as 
successive levels beneath the receiver location 54. 
extended wall-An infinite straight line, corresponding to 
and containing a wall. All image reflections are made 
around extended walls. 
ray-A straight line extending from a source point to a 40 
destination point. 
ray segment-A contiguous part of a ray, extending from 
a source point (that may be the point of reflection or 
transmission through a wall) to a destination point 
(location on another physical entity with which the ray 45 
must interact). 
It can be argued that every actual path corresponds to a 
virtual ray path, i.e. that every time a ray is reflected from 
a wall, the incident ray is propagating in the direction of an 
image. 
For the sake of argument it is best to deal with the most 
complicated situation, that is, when the transmitter and 
receiver are located in different (perhaps, widely separated) 
rooms. Consider a single actual ray path as it arrives at the 
receiver. Now, this ray is either reflected from one of the 
walls directly surrounding the receiver or arrives through the 
image-The mirror reflection about an extended wall of 
the actual receiver or an image of the receiver. 
order-The order of an image is the number of time the 
(this is all it says on the draft) 50 
intersection-The event that takes place when a ray 
actually encounters a wall. Certain mathematical con-
ditions must pertain in order for an intersection to take 
place. Usually, we are always interested in the first 
intersection of a ray emanating from a source poirit, for 
it is from this interaction that the properties of the 
continuing ray are determined. Generally, at each point 
of intersection the ray is reflected and transmitted. 
wall number-In the discussion below, each wall is 
numbered. Thus, we encounter references to "extended 
wall k" and "wall k." 
virtual ray path-A virtual ray path is a mathematical 
entity that doesn't exist, but is used to calculate actual 
ray paths. For example, any straight line path from the 
transmitter to a distant receiver image doesn't really 
exist. 
wall. Where did it come from? In the first case, the ray that 
has been bounced from the immediate wall (call it wall-A) 
arrived at wall-A traveling in the direction of an image of the 
55 receiver directly reflected about wall-A. In the second case 
the ray has either come directly from the transmitter (the 
trivial case) or has been reflected by some wall (call it 
wall-B) of some other room. The ray, just before striking 
wall-B, was headed in the direction of an image of the 
60 receiver reflected about wall-B. Thus, we have in either of 
these cases that the approaching ray is directed at an image 
reflected about some wall. The following question, very 
similar to the original question, can now be addressed: 
where do those approaching rays come from? Clearly, the 
65 same answer applies. Those rays either come from the 
transmitter or are reflected from some wall. If reflected from 
some wall, the incident ray to that wall must have been 
5,491,644 
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y12-y11 Y22 -y21 (40) 
m1= m2= XJ2 - X11 x22 - X2! 
It is helpful to make use of the midpoints (x1, y1) and (x2,y2) 
of the two line segments. The coordinates are given explic-
itly by 
YI 
YII +y12 
2 X2 
X21 +x22 
2 Y2 
Y21 +y22 
2 
(41) 
propagating in the direction of an image obtained by reflect-
ing the previous image about that wall. This situation is 
illustrated in FIG. 9, where we track the ray backwards from 
the receiver to the wall k (receiver image R(k)) and then to 
wall p (receiver image R(k,p)). The conclusion is clear: 5 
every actual ray path corresponds to some sequence of 
propagation to images. Any actual ray path follows the same 
general sequence: it leaves the transmitter (perhaps passing 
through walls) heading in the direction of some distant 
receiver image, eventually encounters the wall about which 
the receiver image was reflected, is reflected towards some 
other receiver image, etc. An important point is the follow-
ing: at any point along a particular actual ray path, the ray 
10 Corresponding to each of the two segments there are two 
infinite straight lines 
(42) 
is always headed in the direction of an image, and all the 
images (up to an initially specified order) are generated 
using the approach described in this document. 
15 Applying the first of these to the two end points of the first 
segment, we have 
In theory, an infinite number of receiver images could be 
generated. Instead, we generate images up to a given order. 
Corresponding to every image, there is a virtual ray path 
which is a potential actual path. Some of these, because they 20 
end up satisfying certain geometric conditions, correspond 
to actual paths. Every surviving actual path corresponding to 
Yu=m1xu+b, Y12=m1X12+b, 
which can be easily solved to obtain 
(43) 
(44) 
an image of order n arrives at the receiver via n reflections 
from walls of the building. The order n of an image means 
that the associate image is reflected n times. 
A similar equation results from analyzing the second line. 
From each of these equations expression for the y-axis 
25 intercepts follow immediately. We have 
An actual ray path to the receiver location 54 is either 
direct (of which there is only one) or reflected. Since the 
images of order n are generated in such a way as to include 
all possible ways that a path can be formed from n reflec-
tions off the walls, there is no way that a path involving n 30 
reflections can be ignored. 
If we use An to designate the set of all actual paths that can 
be formed using n reflections and A to designate that set of 
all actual paths, we have 
A0uA1uA2u ... =A 
35 
(45) 
On the basis of the developments above, the equations for 
the straight lines corresponding to the line segments are 
given by equations (43), (44) and (45). 
It is a simple matter to determine that the infinite lines in 
equation (44) intersect at a point (x0 ,Yo) where the coordi-
nates are given by 
(46) 
Yo= 
Thus, the totality of ray paths is represented. Similarly, all 
paths up to a given order are included in 
If, as must generally be assumed, the end points of the line 
segments have not been numbered according to their relative 
size, we need to define the maximum and minimum of each 
40 line segment. We have 
.if"= min{x11, x12} x']"" = max{x11, x12} (47) 
Y{'in = min{y11, y!2} YF' = max{y11, y!2} 
Returning to the tree of FIG. 8 and using reflections up to 
order three, FIG. 8 explicitly specifies the potential ray paths 
that exist for the geometry. The number of images is 
3+3e2+3•2e2=21. Subject to the satisfaction of other 
conditions, each of these images defines a potential ray path, 
i.e. a potential contributor to the multipath profile. The 
potential ray path corresponding to each image is found by 
retracing backwards (up the tree) from that particular image. 
45 for the first line and 
The test for wall intersection takes place throughout the 50 
effort to determine if a particular transmitter to image path 
e.g. T to some image R( ... , j,k,l) corresponds to an actual 
path that should be included in the multipath profile. 
A wall intersection rule of the ray tracing model will now 
be described. Consider an image R( ... j,k) is symmetrical 55 
with the lower order image R( ... ,j) about the extended wall 
k. For a ray emanating from any source point S, the ray from 
S to R( ... ,j,k) must intersect the actual wall segment of 
extended wall k in order for the ray to be reflected towards 
the image R(. .. ,j). If this intersection doesn't take place the 60 
path must be discarded. 
Mathematically, the intersection of a ray and a wall is the 
intersection of two line segments. The ray and the wall are 
each defined by a beginning and an end point. If the first line 
segment is defined by the points (XwY 11 ) and (x12, Y n), and 65 
the second is defined by the points (xwy21 ) and (xwy22) 
then the two slopes are 
:i!/.in = min{x21, x22} (48) 
Yi'in = min{y21, Y22} 
for the second. 
As illustrated in FIG. 10, these upper and lower limits for 
each of the line segments defines a rectangle within which 
the coordinates of each line segment must fall. Clearly, the 
rectangles must overlap if there is to be an intersection of the 
two line segments. This condition of overlap is something 
that can be tested for before the point of intersection is 
actually found. In fact, no intersection will occur if any of 
the following inequalities is satisfied. 
~<i{'in (49) 
:Yi'"'<Yfin 
In computation, this condition should be tested for before 
actually computing the coordinates of the intersection point. 
If none of the inequalities above are satisfied, then the 
intersection point at (x0,y0) must be calculated as given in 
equation (46). Clearly, this is a circumstance that pertains to 
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17 
FIG. 10, even though the line segments do not themselves 
intersect. The intersection point of the infinite lines must lie 
on both line segments in order to qualify as a true intersec-
tion point of the segments, i.e. it must fall in both of the 
rectangles depicted in FIG. 10. Explicitly, it must satisfy all 5 
of the inequalities listed below. 
x'{'in <xo <x;m' Y!'in <yo <YI"" (50) 
18 
the inputs, a determination is made as to whether the 
transmitter and receiver locations 34, 35 are in the same 
space, or room. 
If the transmitter and receiver locations 34, 35 are in the 
same space, then the methodology proceeds to flow chart 
blocks 28c-28e. At the flow chart block 28c, the propagation 
law {A, n} are determined by looking them up in the look 
up table using the floor plan, conductivity, permittivity, and 
the transmitter and receiver locations. Once the appropriate XJ';"<xo<XJ""' lz'in <yo </z"" 
If these conditions are satisfied, then the two line segments 
intersect at the point (x0 ,Yo). 
IO propagation law {A, n} has been identified, then the signal 
power loss f;f is computed by the equation f;f =Ar-n=Alr"). 
See flow chart block 28d. Finally, the RMS signal power 
level may be determined by subtracting the signal power 
15 loss :;£from the signal power corresponding to the trans-
mitter, as indicated in the flow chart block 28e. 
When a ray path survives the wall intersection criteria 
described above it becomes a contributor to the multipath 
profile, i.e. the channel transfer function. The reflection and 
transmission coefficient values are determined as described 
earlier and the total loss, including the free space propaga-
tion loss, for each ray path is determined. This yields a 
complex amplitude C(n) for the ray path. The delay 't(n) for 
that same ray path is determined directly from the distance 20 
to the corresponding image. When the delays and the 
complex amplitudes for every ray path up to some order n 
·is determined, the channel transfer function is evaluated 
according to the sum 
If the transmitter and receiver locations 34, 35 are not in 
the same space, then the methodology proceeds to flow chart 
blocks 28f-28l. An example of this scenario is shown in 
FIG. 12, which example will be referred to hereafter relative 
to the discussion of the flow chart blocks. First, as indicated 
in a flow chart block 28f, the sequence of spaces which the 
propagation channel passes through is determined. As illus-
trated in FIG. 12, the exemplary propagation.channel passes 
i=n 
25 through spaces 1, 3, 5. Next, the propagation laws {Ai, ni} 
C5ll are determined for each of the i spaces in which the 
propagation channel passes. In the example of FIG. 12, the 
propagation laws {A1, n1}, {A3 , n3}, {A5, n5} are identified 
for each of the corresponding spaces 1, 3, 5 using the look 
H(j) = ~ C(n) e-j2n(/+folt(n) 
i=o 
It should be emphasized that the foregoing discussion 
involves a unique ray tracing method in accordance with the 
present invention, and that numerous other ray tracing 
techniques can also be practiced for implementing the 
present invention. For examples of other suitable ray tracing 
methods, see R. A. Valenzuela "A Ray Tracing Approach to 
Predicting Indoor Wireless Transmission," 43rd IEEE 
Vehicular Technology Conference, Secaucus, N.J., U.S.A., 
pp. 214, May 18-19, 1993, and a compilation text entitled 
"An Introduction to Ray Tracing," edited by Andrew S. 
Glassner, Academic Press Limited 1989. 
30 up table. The propagation laws {A1, ni}, {A3, n3}, {A5, n5 } 
are then combined to derive a resultant A and a resultant n. 
The coefficients A1, A3, A5, and the exponent n1, n3 , n5 are 
then mathematically combined. 
5. Statistical Model 
The primary goal of the statistical model 28 is to make 
rapid approximate calculations that are still precise enough 
35 
40 
to be of use in system design and base station layout. 
Initially, a data base is compiled of propagation law expres- 45 
sions which are best fits to either experimental data or to 
results obtained by running the ray tracing model 27. The 
propagation law expressions are essentially a scaling coef-
ficient A with a corresponding exponent n. Each of the 
propagation laws {A, n} is derived from the interior space 50 
of a particular floor plan, conductivity and permittivity 
values of the walls of that interior space, and the locations 
of the transmitter and receiver within the walls. The data 
base is pr~ferably arranged in the form of a look up table so 
that particular propagation laws {A, n} can be looked up, 55 
given a particular floor plan, corresponding conductivity and 
permittivity of walls, and corresponding locations of the 
transmitter and receiver. 
The analysis engine 14 (FlG. 1) uses the look up table as 
will be described in FIG. 11, which shows a high level flow 60 
chart of the statistical model. Each of the flow chart blocks 
This is allowed because the fundamental power law 
P(r)=Ar-n (52) 
can be modified to 
n (53) 
P(r)= ('; ) P(ri) r> Tj 
which represents the power at an arbirary r in terms of the 
power at a specific r1• Specifically, the signal power level in 
one interior space [where propagation law (A1,n1) applies] 
can be represented in terms of the power level of the signal 
transmitted through a wall from an adjacent interior space 
[where propagation law (A2,n2) applies]. In fact, if the wall 
loss is designated a and the point at r 1 is just forward of the 
exit point from the wall in space 2, then the propagation loss 
in propagating from space 1 to space 2 is given by 
(54) 
This is in the same form as the general law Ar-n, in fact 
defining A and r. In exactly analogous fashion the signal loss 
in situations with an arbitrary number of intervening walls 
can be determined. In every case the final signal power loss 
f;fis computed using the resultant n, and the distance r 
between the transmitter location 53 and receiver location 54. 
Concurrently with the process described previously in 
flow chart blocks 28f-28h, the wall losses are analyzed as 
indicated in successive flow chart blocks 28i-28k. As indi-
cated in the flow chart block 28i, a determination is made as 
to the sequence of walls in which the propagation channel 
represents a software module and/or subroutine in the pre-
ferred embodiment. Referring to FIG. 11, as indicated in a 
flow chart block 28a, the inputs to the CET 10 are examined 
by the analysis engine 14. The inputs are the floor plan, 
conductivity and permittivity of the walls, and the location 
of the transmitter and receiver within the floor plan. From 
65 passes. After the walls have been identified, a signal loss is 
determined for each wall based upon the respective conduc-
tivity and permittivity of each wall. See flow chart block 28j. 
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The wall losses are combined to form a resultant signal 
loss which is used in connection with the signal power 
loss-when determining the RMS signal power level, as 
indicated at the flow chart block 281. In essence, the RMS 
signal power level at the receiver location 34 is determined 5 
by subtracting the signal losses from a signal power level at 
the transmitter location 33. 
It should be noted that for particular space configurations, 
such as corridors, rooms, or comers, the coefficient A and the 
exponent n in the propagation law may also be determined 10 
by scaling experimentally-determined values for A and n for 
similar space configurations. 
Referring to a rectangular room of width W and length L, 
within which the locations of the transmitter and receiver are 
at (xn Yr) and (xR,yR) respectively (as shown in FIG. 5), the 15 
transfer function in this room can be directly related to the 
transfer function in a room in which all of these dimensions 
have been scaled by a factor o:. 
The scaling is as follows: if f is the offset frequency 
relative to the center frequency f0 and the transfer function 20 
in the original room is designated H(f+f0), then the new 
transfer function after scaling is given by 
(55) 
20 
1. A computer-based machine for determining wireless 
communications transfer characteristics between a transmit-
ter location and a receiver location within and around an 
architectural structure based upon a floor plan of said 
architectural structure, material parameter and said trans-
mitter and receiver locations, comprising: 
means for receiving inputs; 
means for determining from said inputs said floor plan of 
said architectural structure, said transmitter location 
and said receiver location within said floor plan, and 
respective relative permittivity and conductivity values 
of walls within said floor plan; 
means for determining said transfer characteristics for a 
communications channel between said transmitter and 
receiver locations by mathematically combining said 
transmitter location, said receiver location, said relative 
permittivity values, and said conductivity values; and 
means for displaying said transfer function. 
2. A computer-based cellular engineering tool for deter-
mining wireless communications transfer characteristics 
between a transmitter location and receiver location within 
and around an architectural structure from architectural data, 
wall material parameters, and said transmitter and receiver J_ H(aif +Jo)) 
a 
The averaging process used to obtain the RMS values is not 
much affected by the scaling of the frequency argument. 
Thus, using OMS to denote the original mean squared value 
of the transfer function (before scaling) and NMS to denote 
the new value, we have 
25 locations, comprising: 
NMS=J_ OMS 
a2 
30 
(56) 
as an excellent approximation to the new mean-squared 
value of the transfer function. 
It will be obvious to those skilled in the art that many 35 
modifications may be made to the preferred embodiment of 
the present invention without substantially departing from 
the principles of the present invention. All such modifica-
tions are intended to be included herein within the scope of 
the present invention, as set forth in the following claims. 40 
Wherefore, the following is claimed: 
user interface means for receiving input data and for 
displaying said transfer characteristics; 
means for determining from said inputs a floor plan, said 
transmitter location and said receiver location within 
said floor plan, with respect to relative permittivity and 
conductivity values of walls within said floor plan; and 
analysis means for determining a transfer characteristic 
for a communication channel between said transmitter 
and receiver locations by mathematically combining 
said transmitter location, said receiver location, said 
relative permittivity values and said conductivity val-
ues; and 
means for graphically displaying said transfer character-
istic. 
* * * * * 
